Abstract Water quality has degraded dramatically in Wen-Rui Tang River watershed, Zhejiang, China, especially due to rapid economic development since 1995. This paper aims to assess spatial and temporal variations of the main pollutants (NH -N and TN in tertiary rivers had a significant negative correlation with 5-day cumulative rainfall and monthly rainfall, while there were no significant correlations in primary and secondary rivers. The results of CA and spatial analysis showed that the northern part of WenRui Tang River watershed was the most seriously polluted. This region is characterized by the high population density and industrial and commercial activities. The PCA and spatial analysis indicated that the degraded water quality is caused by anthropogenic activities and poor wastewater management.
Introduction
Anthropogenic contamination of waterways constitutes a major problem in both developing and developed countries around the world (Barrett et al. 1998; Gelberg et al. 1999; Tilman et al. 2002; Grande et al. 2003; Fytianos and Christophoridis 2004; Camargo and Alonso 2006; Chen et al. 2006; Nas and Berktay 2006; Chang 2008; Ma et al. 2009 ). Declining surface water quality directly affects human and ecosystem health, which further impacts economic development and social wellbeing. Degraded water quality may induce various forms of illness, and exhibit reproductive and developmental toxicity (Horrigan et al. 2002; Fewtrell 2004; Avalanja and Bonner 2005) . Excess nutrient and pollutant loadings have also been linked to several problems in aquatic ecosystems, including increased frequency and severity of harmful algal blooms, dramatic shifts in trophic relationships, direct toxicity to aquatic organisms, and expansion of coastal hypoxic zones (Boesch et al. 2001; Ocean Commission 2004; Diaz and Rosenberg 2008) .
In China, the government has established an environmental monitoring system and carried out numerous water quality monitoring programs in recent years. Based on the monitoring program, the government has established a set of water quality standards to protect waterbodies and guide remediation activities. To fully understand water quality issues, many researchers have successfully investigated the application of multivariate and GIS analyses to address the spatial and temporal variations of water quality in various regions (Grande et al. 2003; Mingoti and Lima 2006; Kallioinen et al. 2006; Holbrook et al. 2006; Singh et al. 2006; Astel et al. 2007; Shreshtha and Kazama 2007; Zhang et al. 2009 ). Many of these studies have been able to geographically link water quality deterioration with specific human activities, which can then be used to guide remediation efforts.
This study expands on previous research by applying cluster analysis and principal component analysis in a GIS environment to the urbandominated Wen-Rui Tang River watershed of eastern China in order to: (1) characterize the water contamination status of the watershed, (2) examine spatio-temporal distributions of water contamination, and (3) investigate potential factors influencing contamination levels. The results provide a valuable tool for water quality agencies that will allow them to more effectively focus limited resources for remediation on severe water pollution problems at the watershed scale.
Materials and methods

Study area
Wen-Rui Tang River watershed in Wenzhou, China was selected as the study site due to its multiple water quality impairments and the availability of appropriate water quality and watershed characterization data (Fig. 1) . The upper Wen-Rui Tang River watershed is dominated by forests and agriculture while the lower watershed is an urban zone with a metropolitan population of about 7 million. It has a subtropical climate with mild, dry winters and hot, humid summers. Average highs are 12
• C and 32
• C in January and July, respectively. Precipitation is seasonal, with 78.2% of annual precipitation (1,800 mm) occurring from April to October. The Wen-Rui Tang River watershed has a catchments area of 353 km 2 and passing through Wenzhou city in the lower watershed. Twenty years ago, the Wen-Rui Tang River was the "mother" river supporting the city for transportation, aquaculture, agriculture, drinking water, and other aspects of daily life. However, due to rapid industrial growth and urbanization in recent years, the city has generated large volumes of wastewater from untreated sewage and service-oriented enterprises that are discharged directly into the river system. The river water does not currently meet the Type V national water quality standards (SEPBC 2002a) , which is the lowest water quality standard that supports aquatic ecosystem health.
Data sources
Water quality data
Water quality data used for this analysis were obtained from the Wenzhou Municipal Planning Department. These data included six water quality parameters measured monthly at 30 water quality monitoring sites between April 2006 and March 2007 (Fig. 1) . The six parameters of pH, dissolved oxygen (DO), 5-day biochemical oxygen demand (BOD 5 ), potassium permanganate-chemical oxygen demand index (COD Mn ), ammonia-nitrogen (NH + 4 -N), and total nitrogen (TN), were selected as important water quality indicators to assess the water quality status of the Wen-Rui Tang River. Nitrate was not analyzed as it is often below detection levels due to the anoxic nature of most waterways. The sampling, preservation, transportation and analysis of the water samples were performed following standard methods (SEPBC 2002b) . The basic statistics of the 2,160 observations in the dataset are summarized in Table 1 .
Inf luencing factors data
Watershed characterization data from the Wenzhou Municipal Planning Bureau included a set of GIS shapefiles of Wen-Rui Tang River watershed. Pollution source data included the regional population density, public toilets, sites of livestock farms, and sewage outfalls. The latter consisted mainly of domestic wastewater discharged into the Wen-Rui Tang River, and industrial and services wastewater that is mostly discharged into the nearby Ou River through underground pipes, and not discharged into the Wen-Rui Tang River. Other factors influencing the water quality data included 5-day cumulative rainfall before sampling, monthly rainfall, normal high water mark, and river width.
Analysis methods
Independent t test
Independent t test analysis was used to determine pollutant concentration differences among primary, secondary, and tertiary rivers.
Pearson correlation
Pearson's correlation test was applied to determine the relationship between pollutant concentrations and influencing factors, and to test the relationship between a synthesis pollution index and rainfall in the primary, secondary, and tertiary rivers.
Cluster analysis
We used cluster analysis (CA) to analyze the similarities and grouping of samples in temporal and spatial dimensions. CA is an unsupervised pattern detection method that partitions all cases that are dissimilar to different groups (Lattin et al. 2003; McKenna 2003) . Hierarchical cluster analysis was applied to the data after log transformation using Ward's method with squared Euclidean distances expressed as follows:
where d ij is the distance between the ith sample and the jth sample, x ik is the kth parameter of the ith sample, x jk is the kth parameter of the jth sample, and i, j = 1,2,3,. . . ,30.
Principal component analysis
We use principal component analysis (PCA) to determine the minimum number of factors that will account for the maximum variance in the data. PCA is a mathematical procedure that transforms a number of possibly correlated variables into a smaller number of uncorrelated variables called principal components (Helena et al. 2000; Zhou et al. 2007) . PCA extracts eigenvalues and eigenvectors (a list of loading) from the covariance matrix of original variables to produce new orthogonal variables, known as varifactors (VFs). VFs are linear combinations of the original variables (Pekey et al. 2004; Zhou et al. 2007 ) and include hypothetical, unobservable, latent variables (Vega et al. 1998; Helena et al. 2000; Zhou et al. 2007 ). An integrated evaluation model of PCA was applied following the method of Lin and Zhang (2005) to analyze the synthesis pollution condition of Wen-Rui Tang River watershed. The specific method consisted of three steps.
1. The corresponding coefficients were obtained from the following formula:
where A1/A2 are the corresponding coefficients matrix of parameters; B1/B2 are the loadings matrix of parameters on significant VF1 and VF2; and λ 1 /λ 2 are the corresponding eigenvalues of the first and second principal components. 2. The parameters were standardized and multiplied by corresponding coefficients to obtain the expressions of the principle components using the following formula:
where F1/F2 are integrated values of parameters in component1 and component2; ZXn is the z-scale standardized value of the nth parameter; and A1n/A2n are the nth parameter's corresponding coefficients in matrix A1 and matrix A2, respectively. 3. The ratio of eigenvalues to the weights of principal components and integrated value of parameters were calculated by the following formula:
where F is the integrated value of parameters; F n is the integrated value of parameters in the nth principal component; and λ n is the corresponding eigenvalue.
In GIS, overlay analysis and spatial analysis were applied. Spatial analysis of water contamination was performed by interpolation of sampling points by the algorithmic method of "Inverse Distance Weighted" (IDW). Independent t test, CA, PCA, and Pearson's correlation were carried out using SPSS 13.0, and GIS analysis used ArcGIS 9.2 (ESRI, San Diego, USA).
Water quality data preparations
Due to experimental failures, several values were missing from the water quality dataset. Missing data were estimated using temporally interpolated average values. Before multivariate statistical analysis, the normal distribution of each variable was checked by analyzing skewness and kurtosis statistics (Lattin et al. 2003; Papatheodorou et al. 2006 ). Except for pH, which is a logarithmic function of H + activity, the distributions of all other parameters were not normal and had skewness and kurtosis values greater than zero. Therefore, all parameters except for pH were transformed as x = log(x) (Kowalkowski et al. 2006; Papatheodorou et al. 2006) . After log transformation, the skewness and kurtosis values of all of these parameters, except DO, were significantly reduced to ranges from −0.454 to 0.777 and 0.206 to 0.621, respectively. Because the distribution of DO diverged so far from normality, this parameter was excluded from the analysis. For PCA all selected parameters were z-scale standardized (mean = 0 and variance = 1), which renders the data dimensionless and minimizes the effects of differences in measurement units and variance (Zhou et al. 2007; Zhang et al. 2009 ). Before the PCA analysis, the Kaiser-Meyer-Olkin (KMO) and Bartlett's Sphericity tests were performed on the parameter correlation matrix in order to examine the validity of the subsequent PCA.
Results
Spatial and temporal variation of the water quality parameters
In the Wen-Rui Tang River, pH values (mean 6.8; range 6.1-7.8) fell within a normal range for natural waters, so pH was not considered further by independent analysis. Results showed that the concentrations of NH + 4 -N, TN, BOD 5 , and COD Mn , were consistently higher in tertiary rivers than in primary and secondary rivers (Table 1 ) and all differences were statistically significant ( p < 0.001).
NH +
-N
Mean NH
+ 4 -N concentrations in the primary, secondary and tertiary rivers were 6.60, 9.14, and 14.10 mg/L, respectively (Table 1) . NH + 4 -N concentrations ranged from 2.25 to 57.9 mg/L, with all sites and sample times exceeding the Type V NH Table 2 ). About 12.5% of all samples, all of which were from the northern part of Wen-Rui Tang River watershed, exceeded the national health standard (≥1 mg/L) by 20-fold, while 38.6% exceeded the national health standard by tenfold. The average value for all sites by month was the lowest in June (4.94 mg/L) and highest in April (15.49 mg/L). There was a decline from April to June, but no regular pattern of changes in NH + 4 -N levels was apparent throughout the remainder of the -N concentration and monthly rainfall, and a very significant negative correlation between NH + 4 -N concentration and 5-day cumulative rainfall in tertiary rivers. However, the correlations between NH + 4 -N and 5-day cumulative rainfall were not significant for the primary and secondary rivers (Table 3 ). The mean monthly values at each site show that the most seriously polluted regions were in the northern part of the Wen-Rui Tang River watershed (Fig. 3) . In contrast, NH + 4 -N concentration was low and its monthly changes were small in the southern region, while the concentration was higher and the monthly changes were quite large in the northeast and northwest (Fig. 4) .
TN
Mean TN concentrations in the primary, secondary and tertiary rivers were 7.99, 11.33, and 17.22 mg/L, respectively (Table 1) . Based on these mean concentrations, NH + 4 -N comprised from 81% to 83% of total nitrogen for all types of rivers. TN values for all sites and months ranged from 3.78-70.4 mg/L, so all exceeding the Type V national water quality standard of ≥2 mg/L (Table 2) . A total of 17.5% of all samples, 96.8% of which were from the northern part, exceeded the national health standard (≥1 mg/L) by 20-fold, while 51.9% of all samples exceeded the health standard by tenfold. The mean value for all sites by month was lowest in June (6.33 mg/L) and the highest in April (20.68 mg/L). Similar to NH + 4 -N, there was a decline from April to June, but no regular pattern of change for the remainder of the year (Fig. 2 ). Pearson's correlation test showed a significant negative correlation between TN concentration and either monthly rainfall or 5-day cumulative rainfall in the tertiary rivers. However, the correlations between these values in the primary and secondary rivers were not significant (Table 3 ). The mean monthly values at each site show that the most seriously polluted regions were in the northern part of Wen-Rui Tang River watershed (Fig. 3) . Concentration changes at each site among months were similar to NH (Fig. 4) .
BOD 5
BOD 5 values ranged from 0.34-50.4 mg/L, with 33.61% of all samples exceeding the Type V national standard (≥10 mg/L), and 73.33% of all samples exceeding the health standard (≥4 mg/L). Mean values for primary, secondary, and tertiary rivers were 7.11, 7.73, and 12.59 mg/L, respectively (Table 1) . Changes in mean monthly values for different sites displayed no apparent pattern (Fig. 2) . Pearson's correlation test showed a significant negative correlation between the BOD 5 levels and 5-day cumulative rainfall in secondary and tertiary rivers (Table 3 ). The mean monthly values at each site show that the most seriously polluted regions were in the northern part of WenRui Tang River watershed (Fig. 3) . The BOD 5 levels were highest in the northern region and the monthly changes were quite large in almost all regions (Fig. 4) .
COD Mn
Mean COD Mn values for primary, secondary and tertiary rivers were 5.99, 6.90, and 8.43 mg/L, respectively (Table 1) . The values of COD Mn ranged from 1.83 to 27.5 mg/L, with only 5.3% samples, of which 94.7% were from the northern region, exceeding the Type V national water quality standard (≥15 mg/L), and 57.8% of all samples exceeding the national health standard (≥6 mg/L). The changes in mean values of different sites among months showed no apparent temporal pattern (Fig. 2) . COD Mn concentration and rainfall values did not have any significant correlations (Table 3 ). The mean monthly values at each site were similar to BOD 5 values (Fig. 3) , while fluctuations between sites in different regions and different months did not show a pattern as obvious as that observed for BOD 5 (Fig. 4) .
Spatial similarities and grouping
Because the mainstem of the river (primary river) has very few sampling sites (four sites), and two of them are very close, we only analyzed the secondary and tertiary rivers sites using Cluster Analysis (CA).
BOD 5
The CA results for BOD 5 at different sites on the secondary and tertiary rivers are shown in Fig. 5 . The sites in the secondary (Fig. 5a ) and tertiary ( Fig. 5b) rivers have been divided into two broad categories: polluted and seriously polluted clusters. Spatial clustering of BOD 5 levels at all monitoring sites (ungrouped treatment) also indicated two broad types of monitoring sites (Fig. 5c) . Similar results from both grouped and ungrouped treatment of sites showed that the seriously polluted sites are located in the northern part of (Fig. 7) , shows that the BOD 5 pollution condition in June is very different from the other months.
COD Mn
The CA results for COD Mn are shown in Fig. 6c, d . As with BOD 5 , the secondary and tertiary rivers were separated into two categories: polluted and seriously polluted sites (seriously polluted sites indicated by black dots in Fig. 6d ). Analysis of all monitoring sites for COD Mn (ungrouped treatment) yielded the same two broad categories of polluted and seriously polluted sites (Fig. 6c) . Thus, the grouped and ungrouped treatments yield the same result. The seriously polluted sites are located in the northwest and northeast portions of the Wen-Rui Tang River watershed (Fig. 6c, d ). COD Mn concentration showed no regular temporal pattern over the study period (Fig. 7) .
The results of CA for NH + 4 -N were similar to those obtained for BOD 5 and COD Mn with division into polluted and seriously polluted sites (Fig. 6f) . Analysis of all sites (ungrouped treatment) yielded the same two broad types, and all of the seriously polluted sites were located in northern part of the Wen-Rui Tang River watershed (Fig. 6e) . However, compared to the grouped treatment, the ungrouped treatment yields more seriously polluted sites (Fig. 6e, f) . CA of NH + 4 -N levels shows more seriously polluted sites compared to the results for other pollutants (Fig. 6e, f) . The concentration of NH + 4 -N in June is significantly less than in other months (Fig. 7) . 
TN
The CA results for TN were similar to the results for BOD 5 , COD Mn , and NH + 4 -N. All secondary and tertiary river sites clustered into polluted and seriously polluted types (Fig. 6g, h) , and the seriously polluted sites were in the northern part of the watershed (Fig. 6g, h ). The results of grouped and ungrouped treatments of sites showed that the seriously polluted sites were also very similar (Fig. 6g, h ). In the temporal clustering, the concentration of TN in June is much lower than that in other months (Fig. 7) .
All pollutants
Spatial clustering of all pollutants and sites reveals three heavily polluted regions: the northern region (which includes sampling sites 5, 6, and 30), the northeastern region (which includes sites 7 and 20), and the northwestern region (which includes sites 1, 2, 3, and 11; Fig. 6i ).
Influencing factors
The KMO results for Type I (samples drawn from gray sites in Fig. 6i ) and Type II (samples drawn from black sites in Fig. 6i ) sites were 0.770 and 0.689, respectively. The Bartlett's Sphericity results for Type I and Type II sites were 390 and 639 ( p < 0.01), respectively. These results confirm that PCA provided significant reductions in dimensionality.
PCA was applied to three different datasets (Type I, Type II, and all sites) to examine differences between the two site types and to identify the latent influencing factors. According to the eigenvalue-one criterion (eigenvalue > 1) PCA of the three data sets yielded one PC (Table 4) that accounted for 63.8%, 53.3%, and 64.7% of the total variance in Type I, Type II, and all site data sets, respectively. In the VF1, the loading value of TN is highest in Type I (0.956), the loading value of NH Table 5 ).
An integrated evaluation model of the PCA was made in order to obtain the synthetic pollution index for the sampling sites, using the formula:
in which the coefficients were calculated according to formulas (2), (3), (4), and (5).
Pollution index values were interpolated between sampling points by Arc GIS 9.2 to create month and year pollution index maps for the period April 2006 to March 2007 (Figs. 8, 9 ). The pollution index maps show that the more seriously polluted region is in northern Wenzhou city, demonstrating consistency between results from PCA and CA. Figure 8 indicates that pollution levels of the river varies by month, with the lowest levels in June, but that the temporal variation is different among Type I and Type II sites. In Type I sites, pollution is heaviest in April, May, August, and September, while it varies slightly in both the rainy and dry seasons. In Type II sites, pollution is the most serious in April, decreases in May, reaches its lowest levels in June, and then rises gradually from July to April of the following year. Arc GIS 9.2 analysis shows that pollution is more serious in blue waterways, followed by green and yellow waterways (Fig. 9) .
The levels of individual pollutants showed relationships with each other. Among BOD 5 , COD Mn , NH Type I sample drawn from green sites in Fig. 6i , Type II sample drawn from red sites in Fig. 6i dependences are all quite remarkable, with Pearson's correlation coefficients of: BOD 5 and COD Mn : r p = 0.511, BOD 5 and NH Table 6 ). This study also revealed that the pollution levels show positive correlation with population density, the number of public toilets and sewage outfalls, while they show negative correlation with river width, normal high water mark, monthly rainfall, and 5-day cumulative rainfall before sampling (Table 6) .
Correlation analysis of the synthetic pollution index and rainfall in primary, secondary, and tertiary rivers only showed a correlation for tertiary rivers. The correlation between the synthesis pollution index and 5-day cumulative rainfall was quite remarkable (r p =−0.789, P < 0.01; Table 7 ).
Discussion
Pollution of Wen-Rui Tang River
In the Wenzhou urban area, industrial and services wastewaters are primarily discharged into the Ou River through underground pipes, and does not enter the Wen-Rui Tang River. Agricultural pollution sources are mainly located in the upstream rural areas, so they have relatively little impact on the study area. Only a small portion of the study region, in the northeast of the city, was impacted by animal husbandry.
The highly degraded water quality directly affects human health and ecosystem health in the watershed. Although we do not have direct human health impact data, the results indicated that 100% of NH + 4 -N, 100% of TN, 58% of COD Mn and 73% of BOD 5 values exceeded the national health standard. This strongly suggests the need for water managers to pay attention to the environment to reduce the potential impact to human health in the watershed.
Quantitative data on flow velocity were not available, however, it is obvious from visual inspection that the water in the tertiary rivers was almost immobile except during a typhoon, rainstorm, or human-flushing events. The high pollutant concentrations in tertiary rivers are most likely to be associated with the longer hydrological residence times in these river branches. Even though a best management practice of flushing the rivers was adopted in this watershed, it has proven difficult to implement in the tertiary rivers as these streams represent dead-end streams that prevent adequate flushing. NH + 4 -N pollution was serious throughout the entire region, mainly caused by the untreated excreta in sewage directly discharged into the river, in addition to the excreta from some avian and livestock farms. The TN pollution was also serious throughout the entire region, mainly resulting from these same sources in addition to its generation from the decomposition of the organic matter, such as food residue discarded directly into waterways. The most seriously polluted regions are concentrated in the northern part of the Wen-Rui Tang River watershed, due to high population density, and industrial and commercial activities. The northwestern part of the study area has a large textile industry, while the northeastern part has many avian and livestock farms.
High BOD 5 and COD Mn levels were mostly due to organic matter from excreta and food residue from household sources, hotel sewage, excreta from farms and industrial sewage in the Correlation is significant at the 0.05 level (two-tailed) northwest. The BOD 5 method is not influenced strongly by ammonia oxidization due to an initial lag (>5 days) in the oxidation kinetics of ammonia. Organic pollution is serious only in the northern area where levels are above the Type V national water quality standard (Table 2) , due to the sources listed above. In this study, the values of BOD 5 are higher than COD Mn at many sampling sites. This indicates that only part of the organic matter in the water is oxidized by the potassium permanganate methodology (SEPBC 2002b) . Pollution by BOD 5 , NH + 4 -N and TN were lowest in June throughout the entire region (Fig. 7) . This may be due to the continual rainfall before sampling during this month. Monthly fluctuations in pollutant concentrations do not follow obvious patterns, but NH + 4 -N, TN, and BOD 5 in tertiary rivers have significant correlations with 5-day cumulative rainfall, and NH + 4 -N and TN in tertiary rivers have significant correlations with monthly rainfall. However, most pollutants do not have significant correlations with 5-day cumulative rainfall and monthly rainfall in primary and secondary rivers. This is because the government opens sluice gates to flush primary and secondary rivers when pollution is quite serious. As a result, the relations of pollutant concentrations and rainfall are not as distinct in primary and secondary rivers. Opening the sluice gates to flush very narrow branches is less effective, so pollutant concentrations are more significantly influenced by rainfall in tertiary rivers.
In PCA, VF1 of both Type I and Type II sites have very high positive loadings on NH Table 5 ). This shows that the main source of NH + 4 -N pollution is excreta in the northern area (Type II sites), which has a high population density, a temporary population, and avian and livestock farms. The major pollutant in the southern region was TN, and the NH + 4 -N in excreta is also a major pollutant.
Comparison to previous research
The study area is primarily a network of urban waterways in the Wen-Rui plain, which has many relatively small tributaries. The flow of water throughout the entire Wen-Rui Tang River watershed is not natural, but is controlled by reservoirs in the upper watershed and the operation of sluice gates in the lower watershed. The river is largely stagnant during dry periods when the sluice gates are closed, while water flows freely when the sluice gates are opened. So the direction of flow is regulated by the position of the opened sluice gates. These hydrologic characteristics of the watershed are entirely different from other published studies. During most of the time period covered by this study, the sluice gates were closed and water bodies were relatively stagnant, effectively eliminating any effects from upstream flushing and pollution sources. As the opening and closing of floodgates can alter pollutant concentrations, the change of pollutant concentrations between months observed in this study was not as predictable as in other studies unaffected by floodgate operations (Girija et al. 2007; Zhang et al. 2009 ).
In the present paper, an attempt was made to assess the spatial and temporal water quality changes by multivariate statistics and GIS (Sarkar et al. 2007 ). Zhang et al. (2009) used CA, DA, and PCA to analyze water quality and identify pollution sources in the Daliao River basin, China. However, comprehensive applications of different multivariable statistical methods, GIS analysis and concrete studies of each pollutant have not been fully explored in river studies in China.
The use for environmental protection
The Wen-Rui Tang River is the principal source of drinking water in this region, though it is polluted very seriously at present. Most drinking water is secured from reservoirs in the upper watershed to avoid the severe pollution associated with the lower watershed. For improving the water quality in any watershed, it is critical to understand the relationships between the environmental quality and economic development. The deteriorating environment can affect the sustainable development of the regional economy. In order to achieve sustainable economic development, the government should seriously consider the environmental costs of economic development, thus integrating social, economic and ecology values.
Results indicated that focusing on the management of domestic sewage would be an effective way of reducing both the nitrogen and organic pollution in this watershed under the current economic and population conditions. The strengthening of water quality regulations in the northern part of the Wen-Rui Tang River watershed, periodic dredging of the rivers in these regions, and water body flushing (especially of tertiary waterways) during the flood season, should be able to alleviate the pollution situation in these areas. Developing efficient water treatment plants and sewage conveyance systems is another critical and effective means to protect the environment and the water quality within the watershed.
Conclusions
Our study is one of the few to analyze the spatial and temporal variations of water quality in urbandominated waterways of China, aiming to ultimately prevent the adverse health and ecological effects of water pollution. Results showed that: (1) the entire area in Wen-Rui Tang River watershed is seriously polluted, and the pollution in the northern part is most serious; (2) the values of BOD 5 , COD Mn , NH + 4 -N, and TN are significantly higher in tertiary rivers than those in primary and secondary rivers; (3) monthly changes of pollutant concentrations are irregular; and (4) most pollutants are negatively correlated with 5-day cumulative rainfall and monthly rainfall values in tertiary rivers, but not in primary and secondary rivers because of human-induced water flushing events from opening of floodgates.
This study reveals that degraded water quality is related to both anthropogenic activities and poor wastewater management. The lack of proper management policies and wastewater infrastructure during the economic development period may have played a role. The results of this study provide information for the mitigation of further degradation and to improve the existing water quality in the watershed.
